This paper proposes a novel non-iterative approach for solving power system nonlinear differential algebraic equations (DAEs) based on Differential Transformation. The approach has three steps. First, it applies Differential Transformation to transform DAEs of the state-space representation of a power grid into a new representation about power series orders of state and algebraic variables in time. It is discovered that the bus voltages and current injections nonlinearly coupled in original DAEs have linear relationships in terms of their power series coefficients. Thus, the second step of the approach explicitly solves power series coefficients of each variable up to any desired high order. The third step obtains solutions of all variables of the original grid model in forms of ultra high order power series in time. The proposed approach is validated by solving disturbed dynamics of a 2383-bus polish system with detailed models on generators, exciters, governors, turbines, and ZIP loads.
I. INTRODUCTION
OWER system dynamic simulation is of critical importance for utilities to assess the dynamic security by solving the power system nonlinear differential algebraic equations (DAEs) with a given contingency occurring under a This work was supported in part by the ERC Program of the NSF and DOE under NSF Grant EEC-1041877 and in part by NSF Grant ECCS-1610025. Y. Liu, K. Sun are with the Department of EECS, University of Tennessee, Knoxville, TN 37996 USA (e-mail: yliu161@vols.utk.edu, kaisun@utk.edu). specific operating condition [1] - [3] . The traditional solution schemes of solving power system DAEs fall into two categories: the partitioned scheme and the simultaneous scheme. In the partitioned scheme, the differential equations (DEs) and algebraic equations (AEs) are solved alternatively. The DEs are solved by explicit or implicit numerical integration methods while the AEs are solved by iteration methods such as the family of Newton methods or Gauss-Seidel method. This scheme has the drawback of numerical instability due to the interface error when alternating between solving DEs and AEs. In the simultaneous scheme, the DEs are discretized by implicit methods and are solved together with AEs using iteration methods. In either scheme, solving the AEs at each integration step is a very huge computation burden and may meet non-convergence issue, thus remaining the bottleneck of speeding up the dynamic simulation.
As an emerging mathematical tool not widely used yet in engineering fields, the Differential Transformation (DT) provides various transform rules using which a nonlinear function can be directly transformed to its Taylor series coefficients without high order derivatives or Taylor expansions. Our previous work [6] has focused on a proof of concept study on a DT method for simulating a large-scale power system and the several necessary aspects of handling DEs for power system simulation, including 1) deriving a set of transform rules for those nonlinear functions that appear in a general power system models, including the composite sine and cosine functions, the composite exponential functions, the square root functions, and the fractional functions; 2) simulating power systems having practical, detailed DE models on generators as well as their controllers, and 3) detailed comparisons of the DT method with other numerical integration methods (both explicit and implicit methods) by many case studies. For the loads, constant impedance assumption is used for the simulated system so as to reduce the original DAE model into a DE model by means of the reduced admittance matrix.
With those foundations, this paper proposes a novel noniterative approach for solving power system nonlinear DAEs based on DT [4] - [5] . The focus of this paper is three folds. First, we provided the DTs of the whole power system DAE model, by further applying the DTs to the nonlinear AEs, including the transmission network and the current injection equations of synchronous machine and each component of ZIP load. Especially, the constant current load and constant power load, which makes the network equation to be nonlinear, are effectively transformed by the DT approach. Then, we derived the linear relationships between the transformed current injections and the transformed bus voltages for both synchronous machine and ZIP load, which enables an analytical solution of the transformed bus voltages. As a result, all other transformed variables are also analytically solved using the designed solution procedure. Finally, the ultra high order Taylor series (UHOTS) solutions for all involved variables are obtained using their transformed counterparts as coefficients. Using the obtained UHOTS solution, the implementation of the non-iterative simulation framework is presented for solving power system DAEs in a transient stability simulation.
The new approach overcomes a bottleneck in solving power system DAEs, that is, the nonlinear AEs need to be iteratively solved at each numerical integration step, which is a very huge computation burden and a major source of non-convergence issue and numerical instability. Compared with the traditional solution schemes, the proposed simulation approach has the following features: 1) Non-iterative. The algebraic equations are solved by the explicit UHOTS, without using any iteration methods such as the family of Newton methods or the Gauss-Seidel method, etc; Hence, the non-convergence issue in the iteration methods are avoided. 2) High accuracy and numerical stability. There are no interface errors between solving DEs and AEs; and the local truncation errors at each time step are reduced benefiting from the ultra-high-order solution. 3) High efficiency. The evaluation of an explicit solution is much faster than the iteration process; Also, the number of time steps are reduced to complete a simulation since the UHOTS allows much longer time step lengths than the traditional loworder approximations, such as Modified Euler method or 4th order Runge-Kutta method, etc, while meeting the same requirement of accuracy and numerical stability.
The rest of the paper is organized as follows. Section II applies the DT to the whole power system DAE model. Section III presents the proposed DT-based solution scheme. Section IV illustrates the proposed approach step by step using several toy examples with different nonlinearities and tests the proposed approach on several large power systems with constants power loads and other detailed models.
II. PROBLEM DESCRIPTION

A. Power System DAE Model
The power system state-space representation is given by the DAEs in (1), which include six subsets of equations in (2)- (7) , with variables defined in (8) .
1) DEs representing the synchronous generators' rotors and the various controllers;
2) AEs of synchronous generators' stators;
3) AEs of the coordinate transformation between the d-q and x-y axis; ( ) (8) Eq.
(2)-(4) represent the local behavior of each generator, while Eq. (5)- (7) represents the coupling of generators and loads by the transmission network. In our previous work [6] , we mainly handled the nonlinearity in Eq. (2)-(4) on each local generator, however, the nonlinearity of the network equation in (5)-(7) are not directly handled due to the constant impedance load assumption.
This section provides the DTs of the whole power system DAE model (2)-(7), by further applying the DTs to the nonlinear network equations (5)- (7) . Especially, the constant current load and constant power load, which make the network equation to be nonlinear, are effectively transformed by the DT approach. DTs for the Eq. (2)-(4) are derived in [6] , while the DTs for the Eq. (5)- (7) are derived in detail in sections III-A to III-D.
B. Current Injection Equation of Synchronous Machine
The current injection equations of synchronous machine are given in (9) and their DTs are in (10) . The details of the derivation are provided in Appendix.
C. Current Injection Equation of Load
The equations of a ZIP load model [3] are given in (11) by the complex power. The current injected to the network is calculated by (12) and can be written in (13)-(16).
The DT of the current injection by ZIP loads is in (17) 
D. Transmission Network
The equation of transmission network model is given in (21) by the full admittance matrix and its DT is in (22) .
III. PROPOSED SCHEME FOR DYNAMIC SIMULATION
This section proposes a DT-based scheme for dynamic simulation using the DTs derived above for power system models and then illustrates the idea step by step using a threebus power system. 
A. Summary of DAE Model and Transformed Model
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B. Solving the Taylor Series Coefficients of Bus Voltages 1) Current Injection of Generators
It is easy to confirm that the DT of current injection equations of generators in (10) can be written in (23) with matrices A and B defined in (24).
2) Current Injection of Constant Impedance Load
It is easy to confirm that the current injection equations of constant impedance load in (18) can be written in (25) with matrices A and B defined in (26).
3) Current Injection of Constant Power Load
It is easy to confirm that the current injection equations of constant power load in (19) can be written in (27) with matrices A and B defined in (28).
4) Current Injection of Constant Current Load
It is easy to confirm that the current injection equations of constant current load in (20) can be written in (29) with matrices A and B defined in (30).
5) Solving Taylor Series Coefficients of Bus Voltages
From (25)-(30), the transformed current injection of ZIP load is linearly dependent on the transformed bus voltages, shown in (31)-(32). Meanwhile, the relationship between transformed current injection of generators and the transformed bus voltages is also linear from (23)-(24). 
C. Solving the Taylor Series Coefficients of All Variables
Define the augmented vector of variables and its DT in (36).
, , , , [ , , , , ]
After the Taylor series coefficients of bus voltages are solved, the coefficients of all these variables can be obtained as shown in the Algorithm 1. The Step 1, 4, and 5 can be found in our previous work [6] while the step 2,3, and 6 are derived in this paper.
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IV. CASE STUDY
In this section, the basic idea of the proposed DT approach is illustrated step by step using two toy examples of nonlinear DAEs, shown in Section IV-A and IV-B. Then, in Section IV-C, the accuracy and time performance of the DT method is validated using a 2 machine 3-bus power system and a 3 machine 9-bus power system, where each system is represented by detailed models of generators, governor, exciters, and ZIP loads. Finally, in Section IV-D, the capability of large scale system simulation of the DT approach is tested on a 29-machine 179 bus WECC system and a 327machine 2383-bus Polish system.
A. Nonlinear System 1
Consider the nonlinear DAE in (37) with analytical solutions in (38). The proposed method has three steps. First, apply the DT to the whole DAE system shown in (39) .
Second, solve the transformed AE explicitly, shown in (40)-(42).
( )
Finally, the UHOTS solution is obtained in (43), which coincides with the Maclaurin series of the true solution. (44) where an analytical solution is not available. The benchmark solution is obtained by numerically solving the DAE using ode15s solver in MATLAB. The DT method can still analytical solve the DAE system using (45)-(46). Fig. 1 shows the trajectory obtained by both the ode15s and the DT method with the order of 25. It shows a single-step solution of the DT method gives as accurate results as the ode15s solver with 80 time steps. In other words, the DT method allows a significantly prolonged time step lengths than numerical methods. 
C. Accuracy and Time Performance on Power System Dynamic Simulation
The proposed method has been tested on a 2-machine 3-bus system and a 3-machine 9-bus system. In each system, detailed 6 th generator models, exciter models, governor and turbine models in [6] and the ZIP load models are considered. The percentages of constant impedance, constant current and constant power loads are 20%, 30% and 50% respectively. Three methods are implemented for comparison: 1) the DT method where both the DE and AE are solved using a closed form Taylor series.
2) the ME-fsolve method using portioned scheme where the DE is solved by Modified Euler method while the AE is solved by MATLAB solver fsolve.
3) the ME-NR method using simultaneous scheme where the DE is algebraized by Modified Euler method while the AE is solved by Newton Raphson method.
Remark: For a fair comparison, all three methods are implemented in MATLAB environment without using the various speeding up techniques, such as variable time step lengths or LU decomposition, etc. However, note that these techniques as well as many other techniques can be applied to all three methods to reduce the computation time when being implemented in a practical simulation software. Besides, all three methods use the same time step length of 10 ms, and the reference solution is given by the ME-fsolve method with a small enough time step length of 0.01 ms.
For the 2-machine 3-bus system, Fig.2 a) gives the postfault trajectories of rotor angles, rotor speeds, q-axis and daxis sub-transient voltages obtained by the three methods. For the 3-machine 9-bus power system, Fig. 3 gives the trajectories of the three methods. The maximum errors of bus voltages are 0.0010 p.u. for the DT method, 0.0089 p.u. for the ME-fsolve method, and 0.0039 p.u. for the ME-NR method. Besides, the computation time of the three methods are 1.7s, 6 s and 193 s respectively. These results show the DT method is much faster than the other methods while achieving better accuracy. a) state variables including rotor angles, rotor speeds, sub transient voltages in d-and q-axis b) Bus voltages Fig. 3 Post-fault trajectories of three methods on a 9-bus system
D. Simulating Large Scale Power Systems
The proposed DT approach is also tested on two large scale power systems including a 29-machine 179-bus WECC system and a 327-machine 2383-bus Polish system. The detailed models are the same with the models in Section IV-C. Still, the various speeding up techniques are not implemented for a fair comparison. For both systems, the ME-fsolve method and the ME-NR method fail to give a result within 30 mins while the DT approach completes the simulation using 3s for 179-bus system and 148s for 2383-bus system. For both systems, Figs This paper has proposed a DT-based approach for solving power system DAEs. This paper derived the DTs for the DAEs of a power grid's state-space model considering ZIP loads. Then, the Taylor series coefficients of all variables with arbitrarily high orders are explicitly solved using the proposed solution procedure. The accuracy and time performance of the proposed method is tested on the 179 bus and 2383-bus test systems. The DT method can achieve better accuracy than the traditional numerical methods while significantly reduces the computation time. Note that various techniques speeding up computations such as LU decomposition and variable time steps have not been considered in this paper in order for a fair comparison to be conducted with traditional methods. Therefore, the computation time is not comparable with that on commercial simulation software. This DT-based approach will enable a semi-analytical semi-numerical approach for faster-than-real-time power system simulation as proposed in previous works [7] - [13] .
